Greene NP, Fluckey JD, Lambert BS, Greene ES, Riechman SE, Crouse SF. Regulators of blood lipids and lipoproteins? PPAR␦ and AMPK, induced by exercise, are correlated with lipids and lipoproteins in overweight/obese men and women. Am J Physiol Endocrinol Metab 303: E1212-E1221, 2012. First published September 18, 2012; doi:10.1152/ajpendo.00309.2012.-PPAR␦ is a transcription factor regulating the expression of genes involved in oxidative metabolism, which may regulate blood cholesterols through transcription of oxidative and lipoprotein metabolism genes. To determine the association of skeletal muscle PPAR␦ content with blood lipids and lipoproteins before and following exercise, overweight and obese men (n ϭ 9) and women (n ϭ 7) were recruited; age, BMI, body fat percentage, and V O2max were (means Ϯ SE) 45 Ϯ 2.5 yr, 31.9 Ϯ 1.4 kg/m Ϫ2 , 41.1 Ϯ 1.5%, and 26.0 Ϯ 1.3 mLO2·kg Ϫ1 ·min Ϫ1 , respectively. Subjects performed 12 wk of endurance exercise training (3 sessions/wk, progressing to 500 kcal/session). To assess the acute exercise response, subjects performed a single exercise session on a treadmill (70% V O2max, 400 kcal energy expenditure) before and after training. Muscle and blood samples were obtained prior to any exercise and 24 h after each acute exercise session. Muscle was analyzed for protein content of PPAR␦, PPAR␣, PGC-1␣, AMPK␣, and the oxidative and lipoprotein markers FAT/CD36, CPT I, COX-IV, LPL, F1 ATPase, ABCAI, and LDL receptor. Blood was assessed for lipids and lipoproteins. Repeated-measures ANOVA revealed no influence of sex on measured outcomes. PPAR␦, PGC-1␣, FAT/ CD36, and LPL content were enhanced following acute exercise, whereas PPAR␣, AMPK␣, CPT I, and COX-IV content were enhanced only after exercise training. PPAR␦ content negatively correlated with total and LDL cholesterol concentrations primarily in the untrained condition (r Յ Ϫ0.4946, P Ͻ 0.05), whereas AMPK␣ was positively correlated with HDL cholesterol concentrations regardless of exercise (r Ն 0.5543, P Ͻ 0.05). Our findings demonstrate exercise-induced expression of skeletal muscle PPARs and their target proteins, and this expression is associated with improved blood lipids and lipoproteins in obese adults.
metabolism, which may include reduced content and activity of oxidative enzymes within skeletal muscle (39) , likely involving factors associated with the electron transport system. In addition, obese and diabetic individuals often present metabolic risk factors such as hyperglycemia and dyslipidemia, which are characterized by elevated total cholesterol (TC), LDL cholesterol (LDL-C), and triacylglycerols (TAG) as well as depressed HDL cholesterol (HDL-C) (17) .
Previously, we have reported the efficacy of exercise training to improve the blood lipid and lipoprotein profile in this same population of overweight and obese men and women with only minimal weight loss (23) . To better explore how exercise might also affect known regulators of cholesterol and lipid metabolism and the relation of these proteins to blood lipids and lipoproteins, we obtained skeletal muscle biopsies from the same population of overweight and obese men and women with and without exercise. Although we acknowledge the important role of other tissues (i.e., liver and adipose) in such effects, we have elected to focus on contributions from the skeletal muscle. This is due largely to previous findings illustrating elevated HDL-C, HDL 2 -C, and reduced VLDL-TAG concentrations from arterial to venous compartments of vascular beds in postprandial exercise-trained skeletal muscle following single-limb exercise with no changes detected in control legs (28) , indicating the importance of skeletal muscle in regulating exercise-induced changes in lipids and lipoproteins. However, other investigations have failed to see this effect in total HDL-C (HDL 2 -C was not measured) in the fasted state following cycling-type exercise (27) , and thus, the role of skeletal muscle in lipid and lipoprotein changes remains equivocal. Based on prior work (28), we have chosen to focus on the possible role of skeletal muscle in mediating these changes and the importance of skeletal muscle in generally altered metabolism following exercise.
In the current study, we propose that skeletal muscle peroxisome proliferator-activated receptor-␦ (PPAR␦) may be a key regulator of skeletal muscle lipid/lipoprotein transport and metabolism. PPAR␦ is one of three known PPAR isoforms, transcription factors that regulate expression of oxidative enzymes and exhibit tissue-specific distribution. Whereas PPAR␥ is expressed primarily in adipose tissue, PPAR␣ and -␦ are present in tissues with high metabolic activity, including skeletal muscle, liver, and heart. PPAR␦ is of great interest in exercise-mediated adaptations because it is the primary PPAR isoform in skeletal muscle, and its overexpression mimics endurance exercise training adaptations, including increased oxidative myofiber content (34, 49) and a generally increased muscle oxidative capacity (47) . PPAR␦ activity is also stimulated by recognized mediators of oxidative adaptations, including PGC-1␣ (36) and AMP-activated protein kinase (AMPK) (30) . Finally, pharmacological evidence suggests that activation of PPAR␦ may improve insulin sensitivity (52) and induce antiatherogenic changes in blood lipids and lipoproteins (37) . More specifically, pharmaceutical PPAR␦ agonism in obese rhesus monkeys increased HDL-C and decreased TAG and LDL-C concentrations (37) . Thus, PPAR␦ activation leads to outcomes that are similar to what is observed following aerobic exercise training. Therefore, targeting of PPAR␦ by exercise and other means may serve as a critical component of metabolic adaptation and risk factor reduction in susceptible populations, including obesity. However, the ability of exercise to induce PPAR␦ and its purported transcriptional targets in the overweight and obese population is not known. Furthermore, the association of PPAR␦ with blood lipids and lipoproteins in overweight and obese humans is not known, particularly within the context of exercise. Herein, we demonstrate that exercise can lead to increased PPAR␦ protein content as well as specific regulators of this gene (PGC-1␣ and AMPK␣) and its known transcriptional targets of oxidative and lipoprotein transport and metabolism in subjects with obesity. Furthermore, we show correlative changes in PPAR␦ and AMPK␣ muscle levels with LDL-C and HDL-C blood levels, respectively, providing new insights into potential means by which exercise may mediate blood lipid and lipoprotein concentrations. Although these associations cannot be directly extrapolated to the mechanism of action, these data provide new information about the therapeutic effects of exercise in obesity.
METHODS
Subjects were part of a larger cohort whose physiological adaptations to the exercise training paradigm have been reported previously (22) ; blood lipid and lipoproteins have been reported previously in this same subset of subjects (23) . Subjects in the current study represent those who exhibited a willingness to volunteer for serial muscle biopsies. Physically inactive overweight and obese men (n ϭ 9; age ϭ 41 Ϯ 2 yr) and women (n ϭ 7; age ϭ 52 Ϯ 2 yr) were recruited from the Texas A & M University and College Station, TX, communities through informational flyers, e-mail announcements, and word of mouth. Volunteers were screened to ensure that they had not participated in regular aerobic activity for the previous 3 mo (physically inactive) and were classified as overweight or obese by body mass index (BMI), defined as BMI Ն25 for overweight or Ն30 for obesity. Subjects were stratified according to American College of Sports Medicine standards for risk of cardiovascular disease, and those for whom it was required underwent a physical examination by a cardiologist before participation in the experiment (1) . Preliminary physiological characteristics of the 16 subjects who participated in the study are presented in Table 1 . Two subjects from the previous report (23) were removed from the analysis of the present study due to insufficient material from the muscle biopsy for analysis.
General protocol. All methods and procedures were approved by the Texas A & M University Institutional Review Board for Human Subjects in Research. On the first visit to the laboratory, subjects were informed of the study procedures and read and signed an institutionally approved informed consent form. At this time, instructions were provided for completing physical activity and diet records. From this point, all nonstudy exercise was prohibited for the duration of the experiment. Physiological and demographic assessments were completed on the second visit to the laboratory. Four days following physiological assessments, resting muscle biopsies were obtained from the vastus lateralis (resting/untrained condition). Three days later, an acute exercise session was performed on a standard motordriven land treadmill (LTM), with preexercise blood samples obtained immediately prior to exercise (resting/untrained condition). Blood and muscle biopsy samples were again obtained 24 h after this acute exercise session (exercised/untrained condition). Subjects were matched for age, sex, and BMI and then randomly assigned to 12 wk of exercise training using either LTM or an aquatic-based treadmill (ATM). All physiological and demographic testing procedures were repeated 72-96 h after the final exercise training session. Blood samples and muscle biopsies were also repeated a third time 24 h after a single experimental exercise session performed within 7 days of the end-of-study physiological assessments (exercise/trained condition).
Diet and activity logs. Subjects were instructed to maintain their accustomed diet and to refrain from nonstudy exercise throughout the study. To verify compliance, dietary and activity habits were assessed at the beginning and end of exercise training. Subjects completed dietary and physical activity records on days that best represented their normal daily habits. On both occasions, dietary logs were recorded for 3 consecutive days, including 1 weekend day. The dietary records were analyzed for total caloric intake and carbohydrate, fat, and protein composition using commercially available software (Food Processor 8.4; ESHA Research, Salem, OR). The physical activity records used were adapted from a previously described protocol for physical activity recall (5). Activity was recorded for 7 consecutive days and analyzed for total energy expenditure.
Physiological assessments. These procedures have been published previously (22) . Briefly, body composition was assessed using dualenergy X-ray absorptiometry (DEXA Lunar Prodigy; GE Healthcare, Madison, WI). Maximal aerobic capacity (V O2 max) was determined before training and after 6 (for reassessment of the exercise prescription) and 12 wk of exercise training to ensure efficacy of the training program and to determine the intensity of exercise for the training sessions. To do this, an incremental maximal graded exercise test was conducted on a motor-driven treadmill according to the Bruce et al. (7) protocol. Oxygen consumption (V O2) was assessed using an automated metabolic gas analysis system (CPX/D Exercise Stress Testing System; Medical Graphics, Minneapolis, MN, or Oxycon Pro; Erich Jaeger, Hoechberg, Germany) calibrated with gasses of known concentration before and after each exercise test. V O2 max was taken as the highest 15-s average oxygen uptake achieved during the test. Heart rate and rhythm were monitored continuously from a 12-lead electrocardiogram, and ratings of perceived exertion using a Borg 15-point scale (6) and manual blood pressures were obtained during the last 30 s of each treadmill stage and at maximal exercise. The same skilled laboratory personnel consistently performed all physiological measurements.
Acute exercise sessions. Acute exercise sessions were performed on a LTM, as described previously (50), with minor modifications. Briefly, exercise duration was defined as the time required to expend a gross total of 400 kcal at 70% V O 2 max based on the most recently acquired measurement such that both sessions were performed at the same relative intensity. Initial treadmill velocity and grade were estimated using published metabolic equations (1). The prescribed energy expenditure was confirmed by automated gas analysis measured every 5 min at the initiation of exercise and treadmill velocity and grade adjusted to ensure achievement of the required V O2 and confirmed at 10-min intervals thereafter. The total amount of time required by the subjects to complete these sessions in both the trained and untrained states has been reported previously (23) .
Exercise training. The exercise prescription and training progression for this study have been reported previously (22) . Briefly, exercise training included three sessions per week for 12 wk of continuous exercise using either LTM or ATM modalities, with sessions progressively increased from 250 kcal/session, i.e., 60% V O2max during the first week to 500 kcal/session gross and 85% V O2max during weeks 6 -12. ATM velocity and resistance were estimated using a previously developed metabolic equation for ATM (21) .
Blood and muscle sampling. Blood and muscle samples were obtained on three occasions, as described above in General protocol. Briefly, resting/untrained biopsies were obtained 4 days following physiological testing. Three days later the experimental acute exercise session was performed, preexercise blood samples were obtained immediately before the experimental exercise session, and blood and muscle sampling was repeated 24 h following exercise. Exercise training then ensued, and physiological testing was repeated 72-96 h following the final training session. Within 7 days of physiological testing the experimental acute exercise session was repeated, and the final muscle and blood samples were obtained 24 h after exercise. Resting samples were taken following Ն72 h without strenuous activity. For blood and muscle sampling, each subject reported to the laboratory, time of day controlled, after a 12-h fast (water allowed ad libitum). Prior to sample collection, subjects completed a form reporting their physical activity and dietary adherence.
The same trained and experienced personnel consistently performed phlebotomy and biopsy procedures according to well-accepted, sterile protocols. Blood samples were drawn without stasis from an antecubital vein with the subject seated at quiet rest for serum and plasma samples. Blood variables were adjusted for plasma volume shifts that occurred as a result of acute exercise using hematocrit and hemoglobin measurements obtained from each plasma sample (12) .
The muscle biopsy procedure used is a modification of Bergstrom's technique (4), as described by Evans et al. (16) . Muscle biopsies were taken from the vastus lateralis under local anesthetic (1% xylocaine HCl) using a 5-mm needle. Muscle samples were cleaned of visible fat, connective tissue, and blood, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until analyzed.
Blood analysis. Frozen aliquots of serum were sent to SpectraCell Laboratories (Houston, TX) for lipid and lipoprotein-lipid analyses using a patented analytical ultracentrifugation process, referred to as a complete "Lipoprotein Particle Profile" test (27) . This process allows for the quantitation of both the concentrations and total particle numbers of VLDL, LDL, remnant lipoprotein, dense lowdensity lipoprotein3 (LDL3), dense low-density lipoprotein4 (LDL4), HDL, buoyant high-density lipoprotein2b (HDL2b), and mean density of both HDL and LDL species. The coefficient of variation for this analysis using known standards has been reported as 2-3%. Analysis of serum nonesterified fatty acids was performed colorimetrically using a commercially available kit (Wako Diagnostics, Richmond, VA).
Isolation of protein and Western blot analysis. Western blot analysis was performed as described previously, with minor modifications (15) . Briefly, tissue was weighed, powdered at the temperature of liquid nitrogen, and homogenized in cold buffer (25 mM HEPES, 4 mM EDTA, 25 mM benzamidine, 1 M leupeptin, 1 M pepstatin, 0.15 M aprotinin, and 2 mM phenylmethylsulfonyl fluoride, pH 7.4). The homogenate was then centrifuged (10,000 g for 30 min at 4°C). Protein concentration of the supernatant was determined as described by Smith et al. (42) .
An aliquot of the supernatant was diluted in an equal volume of buffer (125 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 200 mM DTT, and 0.002% bromophenol blue). Protein was then separated by SDS PAGE and transferred to nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ). Membranes were incubated in 5% nonfat dried milk in Tris-buffered saline for 1 h at room temperature. Following blocking, membranes were incubated overnight with rabbit anti-PPAR␦, PGC-1␣, PPAR␣, carnitine palmitoyl transferase (CPT) I␤, fatty acid translocase (FAT/CD36), F1 ATPase (a part of the ATP synthase), ATP binding cassette A1 (ABCA1), LDL receptor (LDLR), and lipoprotein lipase (LPL) (all from Santa Cruz Biotechnology, Santa Cruz, CA) as well as AMPK␣ and cytochrome c oxidase IV (COX-IV) (both from Cell Signaling Technology, Danvers, MA). The AMPK␣ antibody used detects total AMPK␣ 1 and AMPK␣2 content. Membranes were then washed and incubated for 1 h with anti-rabbit IgG coupled to horseradish peroxidase (Cell Signaling Technology) and developed using chemiluminescence (Alpha Innotech; FluorChem, San Leandro, CA). When appropriate, membranes were stripped and reprobed with new primary antibody; when this was performed, stripping was verified by reimaging. All samples from each subject were represented on the same blot for qualitative comparisons, and each band density was corrected for total protein content using Ponceau S staining.
Statistical analysis. Data were distributed normally, and therefore, a repeated-measures ANOVA across time point (resting/untrained, exercised/untrained, and exercised/trained) was employed as the global analysis to assess changes in muscle protein content for each dependent variable of interest, including skeletal muscle protein content of PPAR␦, PPAR␣, PGC-1␣, AMPK␣, FAT/CD36, CPT I, COX-IV, ABCA1, LDLR, and LPL. Neither mode of aerobic exercise training nor sex difference significantly affected the exercise response for any of the variables of interest (P Ͼ 0.05); therefore, we elected to remove these factors for all subsequent analyses, and data were collapsed across these variables. When significant F ratios were found, a Tukey-Kramer post hoc analysis was used to distinguish differences among means. To determine whether there was an association between skeletal muscle protein content to blood lipid or lipoprotein concentrations, correlation analyses were performed using Pearson's product-moment correlations for PPAR␦, PPAR␣, PGC-1␣, and AMPK to target proteins and serum lipids and lipoproteins at each of the sample collection time points. The comparison-wise error rate, ␣, was set at 0.05 for all statistical tests. All data were analyzed using the Statistical Analysis System (SAS; version 9.13) (Cary, NC) and expressed as means Ϯ SE.
RESULTS
Physical characteristics and nutritional intake before and after training. Physiological characteristics of these subjects have been reported previously (23) , except that two subjects were removed for the current report due to insufficient material obtained from muscle biopsy. Two subjects failed to complete the exercise training portion of the study; therefore, only limited data are available on their physical characteristics. For the current study, body weight (Ϫ2.3 kg) and BMI (Ϫ0.7 kg/m) were reduced significantly following exercise training, and V O 2max (ϩ3.6 ml·kg Ϫ1 ·min Ϫ1 , ϩ0.25 l/min) was increased significantly (Table 1) . No other body composition variables tested were affected significantly by exercise training (Table 1) . Body fat percentage, lean body mass, V O 2 max , caloric expenditure, caloric intake, and carbohydrate intake were all different between men and women ( Table 1) . No dietary or nonstudy physical activity changes were observed over the course of the study (data not shown).
Exercise enhances skeletal muscle protein content of PPAR␦, PPAR␣, PGC-1␣, and AMPK␣ in overweight and obese men and women. PPAR␣ content was increased significantly by 39% in the exercised/trained condition compared with the resting/ untrained condition, and although a mean increase of 21% was observed following a single session of exercise before training, this change was not significant (Fig. 1, A and B) . PPAR␦ content was elevated from baseline following an acute session of aerobic exercise and was 122% greater in the exercised/ trained condition compared with the resting/untrained condition; however, the observed 62% rise in measured expression between the exercised/untrained and exercised/trained conditions was not significant (Fig. 1, A and C) . AMPK␣ content was 93% greater in the exercised/trained condition compared with resting/untrained but was not affected significantly in the exercised/untrained condition (Fig. 2, A and B) . PGC-1␣ protein content, in contrast, was enhanced (42%) following a single session of aerobic exercise and remained elevated in the exercised/trained condition (Fig. 2, A and C) .
Exercise enhances content of PPAR and PGC-1␣ target proteins involved in oxidative and lipoprotein metabolism. Similar to PPAR␦ and PGC-1␣, protein content of FAT/CD36 (24% increase; Fig. 3, A and B) and LPL (19% increase; Fig. 3 , A and E) was enhanced following a single session of exercise and remained elevated in the exercised/trained condition. Content of CPT I (31% increase; Fig. 3, A and C) and COX-IV (29% increase, Fig. 3, A and D) proteins was increased significantly in the exercised/trained condition compared with the resting/ untrained condition. F 1 ATPase (a part of the ATP synthase; Fig. 4, A and B) , LDLR (Fig. 4, A and C) , and ABCA1 (Fig. 4,  A and D) were not affected significantly by either acute exercise or training.
PPAR␦ and AMPK␣ protein content are correlated with the content of blood lipids and lipoproteins in the obese at rest and following exercise. Table 2 shows the correlation of PPAR␣, PPAR␦, PGC-1␣, and AMPK␣ protein content to serum lipids and lipoproteins and target proteins. Of note is that in all three exercise conditions (resting/untrained, exercised/untrained, and exercised/trained), AMPK␣ protein content was positively correlated with HDL-C, HDL 2b -C, HDL 2a -C, and HDL 2b -C particle number. In addition, PPAR␦ protein content was negatively correlated with total cholesterol in the resting/untrained and exercise/trained conditions. PPAR␦ was also negatively correlated with LDL-C, LDL 3 -C, LDL 4 -C, LDL-C particle number, and LDL 3 -C particle number in the resting/untrained condition. PPAR␦ content approached significantly negative correlations with LDL 4 -C particle number in the resting/untrained condition and with LDL-C in the exercised/trained condition. In all three conditions, PGC-1␣ protein content was positively correlated with protein content of F 1 ATPase.
DISCUSSION
Because obesity is often associated with impaired energy metabolism, we carried out this study in an effort to better understand the ability of overweight and obese individuals to respond and adapt to a metabolic stimulus (exercise) in a manner congruent with the enhanced ability to utilize blood lipids and cholesterols. Although we acknowledge the likely and important roles of other tissues (i.e., liver and adipose) in mediating blood lipid and lipoprotein changes with exercise, our results in skeletal muscle are the first to demonstrate enhanced expression (i.e., higher protein content) of PPARs and downstream metabolic target genes involved in oxidative and lipoprotein/lipid metabolism and transport following aerobic exercise in overweight and obese men and women. Our previous work shows the efficacy of exercise to favorably impact lipids and lipoproteins in obesity (23) . Here, we further reveal the novel association between skeletal muscle PPAR␦ and AMPK␣ with LDL-C and HDL-C, respectively, with and without exercise in overweight and obese adult humans, which persisted across sex differences and occurred without changes in lifestyle dietary and activity patterns outside of the intervention described here. These data provide new insight as to how exercise may mediate oxidative adaptation and regulate blood lipid and lipoprotein concentrations in obese men and women. We should note that our study does not include a comparison with lean subjects; therefore, we cannot make any inferences as to how the measured variables may be affected in such subjects. Although we cannot at this time determine causality in these correlations, our findings provide a strong basis for future mechanistic investigations to better delineate any causal effects between PPAR␦ and AMPK␣ in exerciseinduced changes in blood lipids and lipoproteins. 
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FAT/CD36
Arbitrary Units PPAR␦ may be a key part of the endurance exercise training adaptation since overexpression has been purported to induce a muscle fiber-type transition to mitochondria-rich type I myofibers and enhanced endurance performance (49) . Additionally, PPAR␦ stimulation results in the induction of genes involved in oxidative metabolism, which can lead to reduced adiposity and normalization of several metabolic parameters associated with obesity (33, 34) . In the present study, we report that acute exercise caused increased PPAR␦ protein content in vastus lateralis muscle of untrained, overweight, and obese men and women. Furthermore, although not statistically significant, our observation that the highest PPAR␦ content was taken from muscle following acute exercise with training may serve as evidence that exercise training leads to an additive/cumulative effect compared with an acute response without prior training (Fig. 1, A and C) . These findings are congruent with a previous study demonstrating increased PPAR␦ protein content in type 2 diabetics following 4 mo of self-supervised endurance exercise (18) . One previous report demonstrates incremental increases in PPAR␦ protein content over a short-term exercise protocol of seven sessions (38) . That study, however, was conducted over a much shorter period than in the present study and in a young, healthy population (in contrast to the overweight and obese adults in our current investigation); however, they similarly demonstrate an additive effect of multiple bouts of exercise on PPAR␦ content. Our results, combined with the previous work (18, 38) , are suggestive of the importance of PPAR␣ and -␦, peroxisome proliferator-activated receptor-␣ and -␦, respectively; AMPK, AMP-activated protein kinase; PGC-1␣, PPAR␥ coactivator-1␣; CPT I, carnitine palmitoyl transferase I; TC, total cholesterol; LDL-C, LDL cholesterol; HDL-C, HDL cholesterol; PRT, particle number; COX-IV, cytochrome c oxidase IV; CRP, C-reactive protein. Correlations for which any one of PPAR␣, PPAR␦, PGC-1␣, or AMPK␣ showed (*P Ͻ 0.05) or approached significance ( †P Ͻ 0.10) are shown. PPAR␦ in the mediation of oxidative adaptations to exercise and exercise training. Both PGC-1␣ and AMPK␣ may affect the expression and/or activity of PPAR␦ (36) . To better understand how exercise may regulate PPAR␦ expression, we also assessed the effects of our exercise protocol on the expression of PGC-1␣ and AMPK␣, the putative master regulator of mitochondrial biogenesis and master metabolic switch, respectively. We observed that a single session of exercise was sufficient to elicit enhanced expression of PGC-1␣ with no additive effect of training, suggesting that previously reported increases in the expression of this protein are most likely the effect of the most recent bout of exercise. Conversely, no change was seen in the content of the ␣-subunit of AMPK (antibody used detects both AMPK␣ 1 and AMPK␣ 2 ) without prior exercise training. These findings corroborate previous observations for the expression of these proteins while demonstrating that changes in PGC-1␣ depend upon the most recent bout of exercise (2, 3, 11, 20, 31, 32, 35, 41, 45, 48) . Additionally, changes in AMPK␣ following a single bout occur primarily with increased phosphorylation at Thr 172 (32) , indicating increased activity of the kinase; with our 24-h postexercise measurement we would have been unable to detect such changes in phosphorylation but do add to the evidence that exercise training is necessary to elicit enhanced expression of this protein.
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We should note that, due to the timing of our biopsy sampling following training, we cannot state definitively that changes in protein expression in this condition are classic training effects and are not influenced by the most recent bout of exercise. Regardless of whether these effects were classic training effects, acute effects magnified by training, or both, exercise training exerted a measurable effect on our outcome variables.
Also, because PPAR␣ may influence oxidative and lipid transport functions in skeletal muscle (19) , we examined the exercise influence on this isoform, demonstrating increased PPAR␣ protein content following a regimen of aerobic exercise training (Fig. 1, A and B) , consistent with previous work in this area (26) . Our results indicate a marginal acute rise of 21% in PPAR␣ protein following a single session of exercise in the untrained condition; however, this increase did not reach statistical significance (P Ͼ 0.05). More work should be conducted to determine whether the more subtle alterations of PPAR␣ expression at the onset of training provide the groundwork for exercise-induced modifications of skeletal muscle metabolism.
To test the induction of purported PPAR␦ transcriptional targets of oxidative metabolism and cholesterol transport (36, 37) by exercise and thus the effectiveness of exercise-induced PPAR␦, we assessed the expression of specific cholesterol transport proteins, ABCA1, LDLR, and LPL content, which are believed to be the primary means of PPAR␦-mediated alterations in blood cholesterols (19) , as well as those of oxidative metabolism, FAT/CD36, CPT I, and F 1 ATPase (a part of the ATP synthase). Additionally, since PGC-1␣ is recognized as the master regulator of mitochondrial biogenesis, and stimulation of PPAR␦ has been reported to augment oxidative capacity (34), we elected to assess the influence of our exercise regimen on mitochondrial biogenesis using the marker COX-IV, which has been validated previously (9, 25, 40) . Interestingly, whereas LPL content was higher following acute exercise, it appears that ABCA1 and LDLR were unaffected by the exercise intervention. Of note, the observation that exercise did not influence ABCA1 content despite enhanced expression of PPAR␣ and -␦ is not consistent with previous studies in which administration of a PPAR␦ agonist upregulated ABCA1 expression (37, 44) . This finding warrants further investigation and may be due to the subject population in this study. Considering previous findings utilizing transgenic and pharmacological (13, 29, 34, 36, 37) approaches to induce PPAR␦ content and activity with our present findings of exercise-induced upregulation of apparent PPAR␦ transcriptional targets, we suggest that exercise-induced PPAR␦ expression serves to enhance the ability of muscle to take up lipoprotein-based lipids as well as to enhance the ability to transport fatty acids into both the cell and the mitochondria.
However, an augmented ability to metabolize these fatty acids may require exercise training. The enhanced substrate delivery, as described above, was apparent at the onset of exercise training, but markers of oxidative capacity and delivery of fat to the mitochondria, such as COX-IV and CPT I, respectively, were augmented only in the exercise/trained condition (Fig. 3, A, C, and D) . Although we cannot apply a biological rationale for the separation of these metabolic features at this time, the enhanced expression of COX-IV observed in this study is consistent with the notion that mitochondrial biogenesis is augmented in overweight and obese men and women following aerobic exercise training. Together, our findings support the viability of endurance exercise to augment oxidative function, fatty acid and cholesterol transport, and mitochondrial biogenesis in overweight and obese humans likely through PPAR␦ mediation of these events, similar to what was reported previously in skeletal muscle of humans treated with pharmacological PPAR␦ agonists (44) and in PPAR␦ transgenic mice (34) .
Finally, we have demonstrated previously the efficacy of this exercise paradigm to improve blood lipids and lipoproteins in this same population of overweight and obese men and women (23) . Here, we demonstrate the association of PPAR␦ and AMPK␣ with blood lipids and lipoproteins, which may shed new light linking skeletal muscle metabolic phenotypes and blood lipid and lipoprotein profiles. All variables for which significant correlations were seen are shown in Table 2 . To our knowledge, the first study to link the specific activation of PPAR␦ to changes in blood lipids and lipoproteins was performed by Oliver et al. (37) , which was further corroborated by Sprecher et al. (44) . Oliver et al. (37) reported that obese rhesus monkeys treated with the PPAR␦ agonist GW-501516 exhibited increased HDL-C concentrations along with reduced VLDL-TAG and LDL-C concentrations with concurrently reduced LDL particle number and concomitant reduction in the relative amount of small LDL particles (i.e., LDL 3 -C and LDL 4 -C) compared with vehicle-treated animals. Consistent with that report (37) , our data demonstrate the association of skeletal muscle PPAR␦ with lipids and lipoproteins in overweight and obese humans, providing a new translational slant to these previous findings in nonhuman species. We are also the first to propose that skeletal muscle PPAR␦ may be a key mechanism in mediating altered blood lipids and lipoproteins following exercise. We observed that, in the resting/untrained state, PPAR␦ protein content in skeletal muscle is significantly negatively correlated with the concentration of TC and LDL-C as well as the concentration and particle number of small LDL-C fractions LDL 3 -C and LDL 4 -C (Table 2 ). This relationship between PPAR␦ and TC persisted following training, whereas the relationship with LDL-C approached significance (P Ͻ 0.1) again only in the exercised/trained condition ( Table  2) . We should note that in our previous report we observed few changes in LDL-C concentrations with our exercise protocol in these same subjects (23) ; therefore, the stimulation of PPAR␦ expression observed here combined with these previous observations suggests the complexity of the regulation of LDL-C concentrations and warrants further investigation. Even so, these current data indicate that there may be an association between PPAR␦ and LDL-C, which warrants further studies to explore the possibility of a mechanistic relationship between the two.
Our previous work shows exercise-induced benefits to HDL-C and HDL-C subfractions in both overweight/obese men and women (23) . Unexpectedly, we observed that, in overweight and obese men and women, skeletal muscle AMPK␣ protein content was positively correlated with HDL-C and its subfractions, regardless of exercise status (Table 2) . To our knowledge, this is the first study to show such a relationship between AMPK␣ and HDL-C in humans. As such, the present study model allowed us to uncover potential new unexpected mechanisms of lipoprotein regulation, thereby expanding previous pharmacological targeting strategies. This correlation persisted across both forms of HDL 2 -C (HDL 2a -C and HDL 2b -C) and across HDL particle numbers, suggesting that AMPK␣-related alterations in HDL-C are likely mediated by particle number. To our knowledge, we are the first to show such a connection between AMPK␣ and HDL-C with either exercise or obesity. Although AMPK is a known stimulus for the oxidation of fatty acids, little is known to link skeletal muscle AMPK to lipoprotein and cholesterol metabolism. However, AMPK is known to be activated by the cholesterollowering statins (46) , and previous research has also shown that AMPK activation by AICAR in obese Zucker rats elicits increased HDL-C and reduced TAG concentration (8) . In addition, genetic variants in the ␣2-subunit of AMPK have been associated with alterations in HDL-C (43) and apolipoprotein AI (apoAI; the primary protein component of HDL-C) concentrations (51) . Interestingly, apoAI has been shown to stimulate AMPK phosphorylation at Thr 172 , a site consistent with the activation of AMPK, in both skeletal muscle (24) and endothelial cells (14) . Therefore, although the exact mechanism remains unknown, it appears that HDL-C and AMPK are engaged in a feedback relationship, and this relationship seems to play a role in the regulation of HDL and its subfractions with exercise and exercise training in obesity. However, correlations between HDL-C and AMPK must be viewed with caution, because the regulation of blood lipid and lipoprotein concentrations requires an integrated multiorgan system and cannot be fully reduced to the activity of a single tissue. Therefore, more detailed investigations are necessary to establish a potential mechanistic link between the two. A hypothetical model of how exercise may be influencing blood lipids and lipoproteins through PPAR␦ and AMPK␣ is shown in Fig. 5 .
In summary, we have shown that a single session of aerobic exercise induced enhanced expression of PPAR␦ and PGC-1␣, whereas enhanced expression of PPAR␣ and AMPK␣ was observed only in the exercised/trained condition regardless of sex difference in overweight and obese men and women. Our data also suggest the importance of PPAR␦ in mediating oxidative adaptation to aerobic exercise and the ability of overweight and obese adults to respond and adapt to exercise stimuli in a manner consistent with enhanced metabolic function through upregulation of target genes. Finally, we have demonstrated previously the efficacy of exercise to favorably alter blood lipids and lipoproteins in this population (23) , and we have demonstrated here for the first time in humans the association between skeletal muscle PPAR␦ and AMPK with LDL-C and HDL-C, respectively. Although we cannot at this time determine causality from our correlative analyses, our findings provide support for how exercise, and importantly skeletal muscle, may play an important role in the regulation of blood lipid and lipoprotein concentrations. Our results warrant future mechanistic investigations to assess potential causal links between these proteins and exercise-related changes in muscle and blood lipid and lipoprotein concentrations. A better understanding of the links between exercise muscle metabolism and blood lipids may provide insight into new strategies to improve human health and reduce cardiovascular disease risk. 
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